A retrodirective system utilizing harmonic reradiation from a rectenna is developed and verified for long-range wireless power transfer applications, such as low-power or battery-less devices and lightweight aerial vehicles. The second harmonic generated by the rectifying circuit is used instead of a pilot signal, and thus an oscillator for creating the pilot signal is not required. The proposed retrodirective system consists of a 2.45 GHz transmitter with a two-element phased array antenna, a 4.9 GHz direction-of-arrival (DoA) estimation system, a phase control system, and a rectenna. The rectenna, consisting of a half-wave dipole antenna, receives microwave power from the 2.45 GHz transmitter and reradiates the harmonic toward the 4.9 GHz DoA estimation system. The rectenna characteristics and experimental demonstrations of the proposed retrodirective system are described. From measurement results, the dc output power pattern for the developed retrodirective system is in good agreement with that obtained using manual beam steering. The measured DoA estimation errors are within the range of −2.4 • to 4.8 • .
Introduction
Long-range wireless power transfer (WPT) via radio waves, especially microwaves, has been studied and developed since the late 20th century [1] , [2] for applications such as solar power satellites [3] - [5] and terrestrial WPT systems [2] , [6] . Recently, WPT and radio-frequency (rf) energy harvesting have attracted a lot of attention as wireless power sources for Internet of Things devices and low-power sensors in wireless networks [6] - [8] .
Retrodirective beam control is an essential technology for accurate, efficient, and stable long-range WPT to target devices [9] , [10] . In most recent long-range WPT systems, the phased array technique is adopted for wireless power beaming to the receiving system. To determine the direction of the receiving site, a pilot signal is usually transmitted from the WPT receiving (Rx) system to the WPT transmitting (Tx) system. Then, the direction of arrival (DoA) of the pilot signal is estimated, and wireless power is beamed to the WPT receiving system from the WPT transmitting phased array system. Deterioration of retrodirectivity, which is mainly caused by the DoA estimation error and the beam direction error of the phased array, leads to degradation of the transfer efficiency and interference with other communication systems. The present study proposes a retrodirective system utilizing harmonic reradiation from a rectenna. In some WPT applications, such as low-power or battery-less devices and lightweight aerial vehicles, there is a strong possibility that the components required for creating a pilot signal cannot be installed in the WPT receiving system due to power and weight considerations. Figure 1 shows schematic diagrams of a conventional retrodirective system and the proposed system. The conventional system requires a pilot signal at the receiving site to determine the direction of the rectenna. In the proposed system, harmonics generated from the rectifier are used instead of the pilot signal. The direction of the rectenna can be estimated from the harmonics during WPT.
The novelty of the proposed system is that the nonlinearity of the rectifying operation is proactively utilized without any additional circuits or components. A similar concept on DOA estimation techniques has been studied for detecting RFID tags [11] . A DoA estimation technique utilizing back-scattering from RFID was studied [12] , and a batteryless trackable device that used a ring oscillator has been also developed [13] . Compared with these previous studies, the rectenna itself provides the pilot signal directly by utilizing the reradiation of harmonics in the proposed system.
In the present paper, we verifies the proposed retrodirective system utilizing harmonic reradiation from a rectenna by experimental demonstrations. The rectenna characteristics used in the experiments are also described as a function of received microwave power density.
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Rectenna Characteristics as a Function of Received Microwave Power Density

Rectenna Configuration
We used a 2.45 GHz rectenna consisting of a half-wave dipole antenna and a Schottky barrier diode package, Avago HSMS-286C, which behaves as a voltage doubler. A rectenna photograph is shown in Fig. 2 . The rectenna was fabricated on a liquid crystal substrate Panasonic R-F705T, with the substrate thickness of 50 μm and the copper thickness of 12 μm. The relative permittivity and loss tangent of the substrate are 3 and 0.0008, respectively, at 2 GHz. The branch of the half-wave dipole antenna was 29 mm in length and 2 mm in width. A 1 nF capacitor Murata GRM188B11H102KA01D was used as the smoothing capacitor. The other layout parameters can be found in [14] .
In the previous study on the antenna patterns of harmonic reradiation from the rectenna shown in Fig. 2 , the second harmonic reradiation was more effective to the broadside direction than the third harmonic [15] . The second harmonic was therefore used as the alternative pilot signal for the proposed retrodirective system. Basic rectenna characteristics, the rf-dc conversion efficiency and the second harmonic reradiated power, were measured at a fixed power density of 0 dBm/cm 2 in the receiving area [14] . Although it was not designed for enhancing the second harmonic reradiation, the rectenna can be used to prove the validity of a retrodirective system utilizing harmonic reradiation. In the present paper, the rectenna characteristis are investigated as a function of received microwave power density for the purpose of designing the proposed retrodirective system. Figure 3 shows schematic diagrams of rectenna measurements. First, the received microwave power density W rf in the receiving area was measured as shown in Fig. 3 (a) . Then, the rectenna characteristics including the second harmonic reradiated power P 2r in the transmitting area were measured as a function of W rf , as shown in Fig. 3 
Measurement Configurations
The WPT transmitter consisted of a signal generator (Agilent N5181A), a 100 W power amplifier (R&K 2425-5050R), and a standard horn antenna (Scientific Atlanta 12- 1.7). The transmitting frequency was 2.45 GHz. The transmitting antenna gain G t was 16.9 dBi at 2.45 GHz, and the transmitting distance D was fixed at 4.6 m. Then W rf can be estimated from the following equation:
where P t is the transmitting power. The microwaves were received by a standard dipole antenna (Antenna Giken ASD-2425B) in the receiving area, and measured by a spectrum analyzer (Agilent E4440A). Then, W rf can be also obtained from the following equation:
where λ 1 , G r and P r are the wavelength of free space at 2.45 GHz (λ 1 ≈ 12.24 cm), the receiving antenna gain and the received power, recpectively. In the measurements, we obtained W rf from Eq. (2) by using the measured P r , and confirmed the values of W rf from Eq. (1). After the power density measurements, the standard dipole antenna was replaced with the rectenna for measuring the rectenna characteristics, as shown in Fig. 3 (b) . The rf-dc conversion efficiency η 1 was obtained as follows:
where P dc , and P rf are the dc output power and the microwave input power to the rectenna, respectively. P dc was obtained from the measured dc voltage V dc by a multimeter (Agilent 34401A). The output load R L of the rectenna was fixed at 1 kΩ in the present study. Then P dc is expressed as
P rf was obtained by replacing the variables G r and P r in Eq.
(2) with the antenna gain of the rectenna G 1r for the fundamental and P rf , as follows: 
We assumed G 1r was 1.8 dBi, which was calculated by the electromagnetic simulation software CST STUDIO SUITE, as it couldn't be measured directly. The received second harmonic reradiated power P 2r in the transmitting area was measured simultaneously during the measurements of rectenna characteristics as shown in Fig. 3 (b) . The second harmonic measurement system consisted of a fabricated rectangular patch antenna at 4.9 GHz and a spectrum analyzer. The patch antenna gain G 2r was 7.9 dBi. Then we can estimate the second harmonic reradiated power P 2t from the rectenna by the following Friis equation:
where λ 2 and G 2t are the wavelength of free space at 4.9 GHz (λ 2 ≈ 6.12 cm) and the antenna gain of the rectenna for the second harmonic, respectively. We assumed G 2t was −4.6 dBi, which was also obtained by the electromagnetic simulations. Finally, the second harmonic reradiation efficiency η 2 can be obtained as follows:
Results and Discussion
Measurement results of the rf-dc conversion efficiency η 1 and the second harmonic reradiation efficiency η 2 to the microwave power density W rf in the receiving area are shown in Fig. 4 . The maximum η 1 was 42.5% at W rf = 0.3 dBm/cm 2 , which is comparable with the measurement results in the previous study [14] , the maximum η 1 = 47.4% at W rf = 0 dBm/cm 2 and R L = 1.5 kΩ. The slight degradation of η 1 was attributed to the change of R L . η 2 was estimated from 2.3% (−16.4 dB) to 3.9% (−14.1 dB), which is comparable or a little worse than the conversion loss of commercially available frequency doubler in microwave bands (e.g. [16] ). Measurement results of the received second harmonic reradiated power P 2r in the transmitting area to the microwave power density W rf at the receiving position are shown in Fig. 5 . It was found that P 2r was almost a linear function of W rf . The applicable power level for the DoA estimation system, which is described in Sect. 3, was −69 dBm, measured in the previous study [17] . When P 2r is lower than −69 dBm, the phase detector in the DoA estimation system becomes disabled and it outputs meaningless values. Therefore the condition P 2r > −69 dBm, i.e. W rf > −9.7 dBm/cm 2 and P rf > 2.9 dBm, is mandatory for the stable operation of the proposed retrodirective system in the present study. Figure 6 shows the experimental configuration of the retrodirective system. The 2.45 GHz WPT transmitter was set on a turntable. The midpoint between the two transmitting H-plane horn antennas was located on the rotation axis of the turntable. The rotation angle θ of the turntable corresponded to the direction of the transmitting antennas. The 4.9 GHz DoA estimation system was mounted above the 2.45 GHz WPT transmitter for receiving the second harmonic radiated from a rectenna. The midpoint between the two receiving rectangular patch antennas was located on the rotation axis of the turntable. The direction of the receiving antennas was brought in line with that of the transmitting antennas. The phase difference between the two receiving antennas was sent to the phase control system, which converted the phase difference data to phase shift data for the two transmitting antennas. The rectenna was placed at a distance of 4.6 m from the WPT transmitter. The output load of the rectenna was 1 kΩ. A photograph of the overall configuration is shown in Fig. 7 . The experiments were conducted in an anechoic chamber. Figure 8 shows a schematic of the 2.45 GHz WPT transmitter. The 2.45 GHz microwave was generated by the signal generator and divided into two ways. Each microwave went through the analog phase shifter (R&K PS 2450) for beam steering, and the low pass filter (Mini-Circuits SLP-2950+) for rejecting harmonics. Then it was amplified to 20 W by the power amplifier (R&K CA2450BW100) and radiated through the H-plane horn antenna whose physical aperture was 9.9 cm × 41 cm and whose antenna gain was 13.4 dBi. The antenna spacing was 10.4 cm ≈ 0.85λ 1 . The phase of the analog phase shifter was shifted by controlled voltage from 0 to 12 V. Due to two phased array configuration, the phase of one transmitter was fixed and the phase of another transmitter was controlled by the phase control signal from the phase control system. Figure 9 shows a schematic of the 4.9 GHz DoA estimation system. The second harmonic from the rectenna Fig. 9 Schematic of the 4.9 GHz DoA estimation system. was received by two rectangular patch antennas, and the phase difference was obtained by a simple interferometry method. The physical aperture of each patch antenna was 1.95 cm × 1.77 cm, and its antenna gain was 7.9 dBi, which is the same as the receiving antenna described in Sect. 2. The antenna spacing was 6.0 cm ≈ 0.49λ 2 . The received harmonic was amplified by the low noise amplifier (Mini-Circuits ZX-60-542LN+), before and after which the high pass filters (Mini-Circuits VHF-3800+) were inserted. Then the received harmonic was down-converted to 10 MHz via the mixer (Mini-Circuits ZMX-7GR) and the low pass filter (Mini-Circuits SLP-250+). Finally, the phase detector (Analog Devices AD8302) output the voltage corresponding to the phase difference of two 10 MHz signals, to the phase control system. The phase control system consisted of a digital multimeter (TEXIO DL-2060), PC and data acquisition unit with analog output module (National Instruments NI cDAQ-9172, NI-9263). The output voltage from the phase detector in the 4.9 GHz DoA estimation system was measured by the multimeter and the PC converted the collected voltage data into the phase control signal by the software NI LabVIEW. In the process of data conversion, the calibration function of phase difference between the receiving antennas including mutual coupling effects was introduced. It was experimentally derived from the phase difference data of the conventional DoA estimation measurements. The derived calibration function h(δ) is expressed as the following fifth degree polynomial:
Configurations of the Proposed Retrodirective System
where δ is the measured phase difference between the receiving antenna. The calibration function h(δ) was added to the measured phase difference data in the software NI Lab-VIEW. Finally, the data acquisition unit output the phase control signals to the phase shifters in the 2.45 GHz WPT transmitter.
Measurement Results of the Retrodirective System
Beam Pattern of the WPT Transmitting Antenna
Before experimenting the retrodirective system, the beam pattern of the 2.45 GHz WPT transmitting antennas was measured by replacing the rectenna shown in Fig. 6 with a standard dipole antenna. Then the beam pattern of dc output power P dc was also measured by monitoring the dc output voltage of rectenna. The phase difference between two transmitters was set to zero, and the antenna direction was changed from −28 • to 28 • by the turntable. Figure 10 shows measurement results of the beam patterns. The results of microwave beam pattern are indicated as estimated microwave power levels P rf which the rectenna received. P rf can be estimated from Eqs. (2) and (5), by using the measured received power P r . The estimated P rf in the receiving area was 10.7 dBm to the boresight direction when θ = 0 • , and it satisfied the operation condition P rf > 2.9 dBm, as described in Sect. 2. Hence, we confirmed that the transmitting power level was enough large to conduct experimental demonstrations of the proposed retrodirective system. Figure 11 shows measurement results of the retrodirective experiments when the transmitting antenna direction was changed from −28 • to 28 • by the turntable. All the beam patterns were evaluated using the dc output power of the rectenna. "Retrodirective" indicates the results of overall retrodirective system utilizing the harmonic reradiation. The received harmonic reradiation power P 2r in the transmitting area was −60.3 dBm when θ = 0 • . "Manual beam control" indicates the results of manual beam steering by the transmitting phased array to the rectenna direction. In this measurements, the DoA estimation data was not referred to determining the beam direction. "No beam control" indicates the fixed beam pattern of the transmitting antenna to the broadside direction, which is the same as the beam pattern of dc output power in Fig. 10 . Figure 12 shows the averaged DoA estimation errors simultaneously obtained during the retrodirective system measurements. The DoA estimation error measurements were conducted three times. The true values of DoA coincided with the angles between the transmitting antenna direction and the boresight direction. Mutual coupling effects on the 4.9 GHz receiving antennas, which were previously derived from the electromagnetic simulations [17] , was subtracted in Fig. 12 .
Retrodirective Experiments
Discussion
The dc output power pattern of the retrodirective system was almost in agreement with that of manual beam steering, as shown in Fig. 11 . This means the WPT transmitter in the retrodirective system automatically transmitted the microwave power to the direction of rectenna as well as the manual beam control.
The DoA estimation errors were within the range from −2.4 • to 4.8 • from Fig. 12 . The main cause of the DoA estimation errors was misalignment of the overall retrodirective system, since there was reproductivity in the measurements. In particular, the errors became lager when the transmitting antenna direction θ was small. The path length difference Table 1 Link budget of the developed retrodirective system utilizing harmonic reradiation in the boresight direction when θ = 0 • . * indicates that the data were calculated by electromagnetic simulations. between two receiving antennas of the DoA estimation system was approximated to 2d sin θ, where d is the antenna spacing, assuming d/D 1 and sin θ 1. When θ = ±2 • the path length difference is calculated to 2.1 mm, which is small enough to cause the DoA errors by misalignment. Asymmetry of the DoA estimation errors with respect to the transmitting antenna direction is mainly due to the asymmetric calibration function h(δ) in Eq. (8) . As h(δ) is asymmetric, the DoA estimation errors became asymmetric.
GHz WPT
In addition, it was confirmed from the measurements that the interference with the direct incoming waves from the WPT transmitter to the phase detector of the 4.9 GHz DoA estimation system was below the noise floor level. Also the errors of the phase detector were negligibly small, compared with the effects of misalignment. The phase measurement accuracy of the detector is 10mV/ • ; whereas the noise level of detector output voltage was less than 5mV.
In spite of the DoA estimation errors, the dc output power of the retrodirective system was sufficiently comparable to the manual beam steering. This is attributed to the beam width of the WPT transmitting array antenna. The half-power width and 1 dB width of the transmitting antenna can be calculated to 28 • and 17 • , respectively, from Fig. 10 . As the beam width was wider than the DoA estimation errors, there was no significant difference of beam patterns between the retrodirective system and manual beam steering.
From the discussions above, the developed retrodirective system utilizing harmonic reradiation succeeded as a new WPT retrodirective method. The reproductive DoA estimation errors due to misalignment can be calibrated again, and the effects can be added to the calibration function h(δ). In order to investigate the developed retrodirective system with higher accuracy, the beam width of the transmitting antenna should be sharper using a phased array with numerous elements.
Conclusion
A retrodirective system that utilizes harmonic reradiation was developed and verified. The proposed retrodirective system can be applied for long-range WPT applications such as low-power or battery-less devices and lightweight aerial vehicles as it does not require a pilot signal. The DoA estimation errors caused by misalignment, which are compensated for by a wide transmitting antenna beam width, can be calibrated in the retrodirective system.
The link budget of the developed retrodirective system utilizing harmonic reradiation in the boresight direction when θ = 0 • is summarized in Table 1 . The link budget is classified into 2.45 GHz WPT and 4.9 GHz harmonic reradiation. Expansion of the WPT distance is a future work for more realistic WPT applications.
